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Resulte of an e~per.lmAa+nl M ~ e e t i g ~ t i a n  of the flaw near the 
nose of plane and ads3ly syrmaetric bodies i~ the preaenoe of 
detached shock wave8 q e  campared with predictions of theory. The 
location of the detached shock wave was determheii f r c r m  schlieren 
photogmphs for a variety of nose ahapse mer a range of free- 
stream Bch nmbers from 1.8 to 2.9. At a Mmh nuniber of 1.9, the 
form of the detached YBVB asd the pressure dietrikution mer the 
body were iwestigated for each no68 shape. In addition, the rela- 

. tion between shock location and flow spillage IAE determined for 
.~ - 
" several axlally symmetric nose W e t s .  

In the range of I&ch nunibtwe inveetigated, the Shock ldcaticm 
was found to be predictsble t o  good approximation by existing theory. 
A t  a lkch n&er of 1.9, the drag of the bodies U~E~Z- of their 
esthmted ~ o n i c  p a t e  slso agreed. reasonably well with predicted 
resulte. For m e t  of the bodies investigated, the form of the 
dekched shock wave at a B c h  n&er of 1.9 was regresented t o  good 
approxlmtion by an hsperbold asmotic to the free-stream I&ach 
waveso The flow spillage f o r  the nose U t e ,  a s  predicted from 
shock location, weed.  closely with values obtsined by other meansr 

A siqp3.e approximate method for predicting the location of 
dehched shock waves ahead of arbieary plane and afial ly syltanetric 
bodies in supersonio flow is  deri.oed. in reference 1. The method eon- 
sists jn applying the one-bimensianal continuity  relation t o  a 
simplified representatian of the flow field. A n  eet-te of the 
pressure &?ag of the portion of the body upstrean of it8 eet-ted 
sonic points is 81130 presented, together with an erpresaion for the 
re lat ion between d o c k  l o c a t i a  and f lcra epil lsge f OT noas ialets. 
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' X x p e r i m s n t a l  data In the f i e l d  of supersonic flaw with detached 
h o c k  wavea have, until recently, bean very meager .  Results presented 
in reference 2 are substantial  contributions to this f ie ld but a r e  
confined to cones and @heres and contain no inf"b1on 011 drag. 
!the dab an ahock location fn reference 2 agree w e l l  with the pre- 
dlctians of reference 1. 

An invest igatia was undertaken at the KACA b#is laboratory 
to provide further checks,on the accuracy of the method presented 
in reference 1. (A r6sume of this method is presented l a  appen- 
dix  A .  ) The location of the shock wave relative to the body 
vas obtained for a wide variety of plane and axially eymmetzic nose 
f o r m  mer a range of Mach nmbers f r o m  1.8 to 2.9. A more detailed 
investigation, which inoluded determFzlatian of the form of the 
aetached w&vw and the drag for each body, was ccmducted a t  a, Mch 
number of 1.9. 

SYMBOIS 

The following eymbols, some of which axe illustzated in fig- 
ure I, a r e  used herein: 

area 

drag coefficient (based on area indicated by subscript) 

pressure coefficient, 
P -Po 

' 2 0 0  P 

.. . 

rn 

. PI 

n 

.. 
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L distance in free-s-beam direction between vertex of detached 
wave and sonic point on body 

P 

P 

R 

T 

t 

V 

X 

Y 

a 

B 

Y 

9 

7 

stat ic  preesure 

thickness 

'Jf/2 

velocity 

angle of attack 

inclination of s d c  line wtth respect  to y-axis 

cone " a n g l e  for which ehock becomes detached 

two-dimsnsional shock detachment angle 

density 

isantropic ratio of critical area to free-ekeam area 

fraction of possible inlet ~ S B  flow that passes out- 
side cowl 

rp l o c a l  inclinstion of detaoheb shock wave relative to x-axis 
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Subscripts : . .  

0 free-stream condition 

C centroid of etrsam tube passing sanic line 

* 

1 -  
c 

.. - . .  

S sonic point on detached wave 

SB estimated sonic  point on bcdy . .. 

S condition at  sonic line 

. .  " 

. ,. & 

2 lover half of 'unsymmetrical configuration 

The prbc lpa l  portion of t h e  experinaental program REI conducted 
In the 18- by 18-inch supersonic tunnel a t  a test-seotion Mch num- 
ber of 1.9. The models used a r e  indicated  echematically in figure 2, 
where the bodies deaignated A have rectangular  crosa sections and 
t he  bodiea designated B are axial ly  symmetric. The form of the  
bodies upsb%€ur.I and downstream of the estimated sonic point was varied 
in 6ach group. The coordinates for bodies A-7 and B-6 a r e  given Fn 
*ble I. 

The A-bodlee were 10 inches wide for most t e e k  in the 18- by 
18-inch tunnel, so that the ratio of epan to tbicknees b/T was 6.16 
for bodies A - 1  t o  A-4 and. 4.0 for bodies A-5 to A-7. Although these 
bodLee have fWte span, they are referred to as "plane" or "two- 
dinaansionebl" for ccmvenience. Additional teste  were made with 
body A-2 t o  check the effect of b/T on shock form and location. 
For these t e s t s ,  body A-2 V&E cut to widths of 7.5 and 5 inches# 
which correspond to values of b/T of 4.62 and 3*07, reepectively. 
Urger values of b/T than 6.16 were not feasible in this inves- 

very low angles of attack, whereas a decrease in thiclmess would have 
reduced the acouracy of measurements frq schlieren photographe. In 
arder to a t k i n  a closer approximation t o  two-dimnsimu%l flow, 
body A-2 was therefore fitted with e& p h t e s  far one test. These 

figaticln because ag inCrm8e fn Span VOUld Wve choked the tUanel 8% 

. . -  .. 
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end plates  projected ~zpstzeam of the leading edge of the boay t o  
eqec ted  locat ion of the detached wave .and. the upstream edges of 
plates were cut   to  follow closely the expected  contour of t he  shock 
wave. The passage of -sa flaw eroupd the  ends was thus reduced to 
a minimum, consistent with t h e  requirement that the detached wave 
must be visible in the s c h l i ~ a n  photographs. 

All models investigated in the 18- by 18-hch tunnel w e r e  
lnstrumentsd vith &atic-preesure tubes to measure the surface pres- 
sure  distributions. For the plane bodies, pressure  orifices ware 
located midway between the ends in the slzeanwlse direction cw both 
surfaces and. axoumd the leading edge. For the axially symmetric 
bodies, the pressure orifices lay in a plane through the axls of symmetzy, and angle-of -attack effects were determined by rotating 
the bodies in thia plane. 

Another ser ies  of model6 was constructed for   invest igat ion, in  
the variable Mach nuaiber tunnel described 3n reference 3. The test  
section of t h i s  tunnel i s  4 by 4 inches at a Mach number of 2.0 and 
becomes larger or smaller as the Mach nuaiber is increased. OLT 
decreased. For this investie;ation, the contours shown in ffgure 2 
were used, but the me.ximm thickneesea and diameters were reduced to  
0.5 inch. The A-group in thie  aeries was 1.5 inches in span, so that 
b/T for these models was 3.0. No pressure inst;rUmantation was 
attempted for these models . A l l  models in both tunnels were sting- 
supported from the rear. 

RESULTS HID DISCUSSIOH 

Schlieren photographs. - Typical schlieren photographs of the 
models tested in the 18- by 18-hch tunnel are shown in figure 30 
Figures s(a)  to 3(f) are  representative of the configurations obtafned 
for  the  plane  bodies at zero angle of attack and a t  the nraxinum angle 
of attack for which the porti& of the detached wave between its sonic 
points was estkmted to remaln unaffected by t he  tunnel wall. For 
angles of attack slightly greater than those shown, choking occurred 
in the passage bet;ween the model and the wall. 

m e  B n a l o g o ~  configurations for the axially synane-tric bodies 
are shown Fn figures 3 ( g )  to 3(1) . The A and B configurations are  
seen to produce similar flow patterns, except that the detached 
w~ve  is considerably  clcser to the nose 3 n  the B-poup. The 
t h i c h e s s  of t h e  shock appears to be greater for t h e  A-bodies than 
fo r  the B-bodies. " h i e  effect  is believed t o   r e s u l t  from a slight 
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misalinement of t h e  A-bodies with respect 
analyzing the data, t he  upstream boundary 
y&v6 was used in measuring shock location 

t o  the Ught rayso In 
of the detached. shock 
and shock form* 

Representative nose Inlets  with detached shock wave8 a r e  shown 
in the schlieren photogmphs of figures 3(m) t o  3(p). These photo- 
graphs were taken i n  connection with other invgstigatians (refer- 
enoes 4 to 6 )  and depict  typical  off-design flow peLtterns. 

S c h l i e r e n  photopphs taken in the variable Mach number tunael 
w e  not showr~ because they were, in general, rather indist3nc.t in 
the r e # a  close to t h e  detached wave and. 118832' the nose of the bodiee. 
This indistinctness introduced a considerable experimental error in 
the shock locations IWasWed in these t e s t s  and prevented an accurate 
determination of h o c k  farm as a functian of Mmh number. 

Shock-location parameter. - The experimental variation of shock- 
location parame* L/ysB with free-stream Mach number % for each 
of t h e  bodies investigated is  &own in figure 4. The values obtained 
in the 18- by 18-Fnch tunnel are @van in table II, and some of these 
values are  also plotted in figure 4 for corngarisan with the variable 
'mch number tunnel results. 

For the axially sgmmetric bodlee (fig.  4(a) ), the variation of 
shock-location -parameter wi th  mch number follows the predicted v&r- 
fation reasanabu well ,  but the c m e  obtained by the continuity 
method l ies  near the lower liimit rather than near the meap of the 
values obtained. The geometric method, expected, .predicts values 
of L/ysB that are higher thaa those obtained with any of the bodies 
investigated, although a t  the highest Mch numbejr, where the shock 
d e a d  of B-3 is approaching attachmeat, the value predicted by the 
geometric method i e  close t o  th&t experimentaUy obtained. The hi@ 
value obtained for B-5 a t  a k c h  number of 2.9 can probably be attxi - 
buted to experime9tsl error. This error, which was introduced by 
the fuzziness of the photographs obtained with the schlieren system 
of the m i a b l e  Wch number tunnel,  varied from one photograph to 
another but is estimated to average between 2 and 5 percent. O t h e r  
evidence of experimental scatter is seen in compming the values 
OF L/ysB obtained for  bodies B-2, B-4, B-5, apd B-6. Inasmuch as 

the nom forme upstream of the sonic point a r e  t h e  8 & m ~  for these 
models, the shock-location parametere were also expected to be the same. This expectation was more nearly realized in the 18- by 
18-inch tunnel t ea t s  (table II) . 

- . -  
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The difference &own in figure 4(a) between the results obtained 
in  the  variable  mch ntrnber tunnel and those obtained in the 18- by 
18-fnch tunnel a t  a B c h  number of 1.9 may indicate a Reynolds.number 
effect,  but it seem unlikely that the difference in boundary-layer 
thickness is sufficient to account entirely for  the observed di f -  
f erences in L/ysB. Most  of the  difference m u s t  probably be attri  - 
buted to experimental error Fn the  variable Mach  number tunnel  results. 

For the plane  bodies  (fig. 4(b) and table II), all experimental 
resul ts  with f i n i t e  span-thiclmess r a t i o  f a l l  considerably below the 
predicted values. This resu l t  is to be expected  because some of the 
air that would cross the two-dimensional sonic line passes around the 
edges of these models and consequently allows the shock wave to move 
'closer t o  the nose. The effect  of increasing B/T for some of these 
bodies, and hence reducing the percentage of air that passes around 
the edges, is ahown fo r  a free-stream. Mach number of 1.9 . The value 
of L/ysB is seen t o  approach closer  to  the  predicted value a s  the 
body  becomes m r e  nearly two dimeneional. For the test with end 
pla tes  (designated by b/T x OD ), the experimental value of g y m  ) 
i a  only about 4 percent below that predicted by the continuity method. 
For both  plane and axially sgnmretric bodies, the variat€on of L/ym , 

value 
' with nose form is leas t h a n * l O  percent of the mean experimsntal 

The effect  of nose form on L / y s ~  at each Mach number is similar 
to that noted for  axially symmetric b d i e s ,  that ib, the shock- 
location parameter tends t o  decrease as the nose becomes more blunt. 

b/T = 6.16 are assumed to persis t  when b/T Z =, then the "estimated" 
values shown in figure 4(b 1 for bodies A - 1  and A-3 a r e  obtained. These 
values  indicate that the simglified continuity mthod someuhat,onr- 

. If the  differences between the value of L/y= o~tained, wlth 

es t imtes  the values of L/ySB obtained with two-dimensianal bodies. 

Effect of b/T an shock form. - Shock farms obtained with 
body A-2 fo r  different values of span-thickness r a t i o  b/T a t  MO 
of 1.9 are shown in figure 5. The configuration  predicted for axially 
symmetzic bodies is also &awn for cantparism. In this and several 
following  figures,  the oommon p o h t  ie taken a t  t he  vertex of the 
detached wave and the scale factor ya is  the ordinate of the   es t i -  
mated soniu  point fo r  each body. In f i g w e  5, the experimental shock 
form for  low =lues of b/T i s  seen t o  l i e  between the forms pre- 
dicted for plane and axially s;gmme*ic Plow. For b/T - 6.16, the 
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experimental and assumed shock f o r m  almost  coincide; w=hereas, for 
the - t e s t  Kith end plates, the experimental WBVB lief3 sl ight ly  
upstream of the predicted form  beyond the shock sonic  point. The 
anra l l  difference between the shock forms .for b/T of 6.16 and for 
the end-plate test indicates that the spiUage arouad the ends of 
the model f o r  b/T of 6.16 had l i t t l e  effect  m the ahock form. 
The shock loca'tian, however,.  which is  indicated by the translations 
of the model contour In figure 5, changes quite  noticeably in the 
range blT26.16. (See also fig.  4(b).) The transition toward 
the axially symmetric shock form and location as b/T decreases is 
t o  be expected from the consideration that the  cross-sectional  area 
of t h e  A-bodies approaches t h e  wose-sectional area of axially 
symmetric bodies. In particular, for b/T of 1.0, the  configuration 
for the A-bodies would be expected to be v a y  close to that obtained 
w i t h  the B-bodies, although some difference ehould persis t  because 
of the difference between the areas of a quare and its inscribed 
circle. 

Effect of bcdy form on shock form. - The form of the detached 
wave8 obtained for each of the plane bodies with b/T of 6-16 is 
compared with the assumed hyperbolic form in  figure 6. Similar plots 
for  the axially symmetric bodies are ahown is f i g u r e  7 . In fig- 
urea 6(a) and 7(a), the bodies are placed at  their observed location 
relative t o  the deta.ched  wave; but in figures 6(b) and 7(b), only 
the average locaticm is shown because the differencee in L/ysB 
were Bmall for the bodies i n  these figures (table II). The theo- 
retical sonfc line is shown a8 a solid line between the shock and 
the body, and its end point on y/ys~ of 1.0 i e  the theoretical 
locatian of the bcdy sonic  point  relative to the shock wave. 

Rrom figures 6fa) and 7(a), the f& of the body contour 
upstream of t h e  sonIc,points is  men to have relatively little 
effect on the form of the detached wave, although for the plane 
bodies there is a noticeable trend toward less concave shock form 
as the nose form becomes more blunt. These variatione may be imgor- 
tmt for computations of t o t a l  drag baeed on shock form (refer- 
encee 7 and 8 ) ,  but they are considered sufficiently sma l l  t o  sub- 
stantiate the assumptian used in the asalysis of reference 1, namely, 
that the form of the body upstream of i ts  sonic polnta has l i t t l e  c- 
effect on the form of the detached wave. 

The contour of the body downstream of the sonic  point also 
appears to have l l t t l e  effect  an the hock form for the plane bodies 
(fig. 6(b))  but influences considerably the shape of t he  wave far 

I 

.. 

. .  



axially symmetric bodies (fig.  7(b)) . Thi8 hflumc&, howevw, is 
not great  between the vertex of the  shock wave and its  sonic points. 
The form of the  shock wan beyond its sonic  points does not eater 
into t he  theory of reference 1. 

An indication  of the reasons for t he  less rapid decay of t h e  
detached waves beyond their sonic  points  for bodies such as B-5 

(The oblique line downstream of the detached wave in the upper portion 
of these figu??es results from a scratch an t h e  tunnel window.) For 
B-1 and B-3, a region of expanslax is visible in the vicbity of the 
shoulder. The dawnstream portion of t h i s  erpaneion region diverges 
from the detached shock wave, 80 that the fora of the detached wave 
is evidently  independent of the bod3 contour  beyond the immediate 
vicinity of the sonic point. For B-6, however, the expaasion is 
more gradual, 80 that the shock form can be infhenced by a mme- 
what larger portion of the cantour downstream of t he  eanic  point. 
Similar ObserPations for plane bodies (figs. 3(a) to 3(c)) show  that 
e w s i o n  wa~es near the  sonic pofnt diverge from the detached shock 
mve for A-7 as w e l l  as for A-1 and A-3, so that the detached wave 
for A-7 should be VWY similar to that obtained wfth A-2 . This 
expectation is confirmed in figure 6(b). These considerations  indicate 
that near % = 1.9, the entire  detached srave can be represented to 
good approximation by equation (7 )  , (appendix A )  (with ym = 0) when 
ally t h e  erpansioh waves that ari-te in the immediate vicinity of 
the  body  sonic  point can reach the detached wave; for more gradually 
curved  bodies, the detached wave beyond  it6  sonic Point may d e w  lese 
rapidly than indicated by equation (7 ); (appendix A) In either a s e ,  
however, uae of the hyperbolic form to compute tote3 -8 by the 
methods of references 7 or 8 is unwarranted, inasmuch as ChangaS 
In shock  contour can introduce  considerable  changes in compu%d drag- 

. and B-6 can be obtained by comparison of figures 3(g) to 3 ( i ) .  

Whether t he  hyperbola is a good approximtion to t h e  form of t h e  
detached wBve at hbch numbers much higher than 1.9 remains .to be 
established. For &ch numbers lower than 1.9, a comparison with the 
results of reference 2 &owed that t he  hyperbola form is a good 
approxim%tion for the detached waves ahead of cones and spheres at 
m c h  numbers L17, 1.30, and 1.62. Iarge dfscrepanciea  appeared, 
however, when the shock ahead of the cones  approached  attachment. 

Effect of angle of attack on ehock form and locatione - In 
reference 1, t he  shook farm anB location at angle of attack for two- 
dimensional-bodies was estimated by c~midering separably the top 
and bottom halves of the configuration. The. center line (see sketch, 
fig. 8) was taken in t he  free-stream direction and passed through t h e  
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intersection pf the. tangent llnes from the b d y  sonic points. The 
sonic-point ordinates. 7~3,1 and ysB,2 are measured from t h e  
center line ajna determlne the re lat ive scale of' the top  and, bottom 
halves of the configuration. According t o  reference I, the  values 
of ys/ysB for  mch half ehQuld be the m e ,  60 that hock form, 
Bhock locatian, a d  k g  b f f i c i a t  ehould. have the Bame VdLleS a8 
for symmetrical two -dimensicma1 bodies . 

Ln figure 8 ,  the shock waves a-ee w e l l  with the predicted form 
for  the two extreme noses A - l  and A - 3  a t  angle of attack. For each 
body, the shock forms are almost identical  a t  zero angle of attack 
and 6.5' angle of attack. By superpositicm of schlieren  negatives, 
this result was fomd t o  hold also for  the axially symmetric bodies; 
that I s ,  the detached wave a t  angle of attack fo r  each body wae almoet 
identical in form to  the detached wave a t  zero angle of attack. When 
the two d o c k  vBv68,wBre superimposed, the re la t ive   pos i t im of the 
bodies w&s approzimately that obtained by rotating one of the bodies 
about the center of the l lne joining i t s  e s t i m t e d  sonic points. In 
effect,  the detached wave therefore remained almst statfoaary as the 
body mi8 rotated through a range of angles of attack. 

In plotting figure 8, different ecale factors (ysB,l and 
ySB,J were used f o r  the upper and lower portions of the  config- 
urations so that the agreement with the  predicted  configuration could 
be established. This difference in scale fkctors results in a sl ight  
discontinuity at the center l ine  of A - l a t  angle of attack.  This 
diecontinuity can be eliminated and the experimentally observed con- 
figuration can be obtained by multiplying the ardinate and the 
abscissa of the lower half' by the ratio 3 s ~  z/ysB 1, which was 1.07 
fo r  an angle of attack of 6.5O. The value of L/ysB a t  6.5O angle 
of attack w&8 found to  be 1.99 for both halves of body A - 1  and 2 . U  
for both halves of body A-3. These values are slightly higher than 
those obtained at iero angle of attack (1.95 and 2.07, respectively). 

. I  t 

.- - . 

Pressure  distributions. - The distribution of preseure coeffi- 
cient over the nom of each model investigated in  the 18- by 18-inch 
tunnel is  shown in figures 9 and 10. For each body, the  locaticm of 
tple experimental sonic point a t  zero angle of attack i s  also shown, 
together with the e s t i g t e d  location. The local Mach  number on the 
surface was related to   the  local pressure coefficient by 
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where Pn is the staepation ., ” pressure behlnd a normal shock occurring 
at the free-stream h c h  number. Equation (1) is obtained with the 
assumptions  that the  stagnation aixeamllne gasses- close to the normal 
elemant  of t h e  detached w a n  and that  the staption pressure beyond 
the shock  is not noticeably affected by viscosity. For a free- 
stream Mach ntrmber of 1-9, equaticn (1) becomes 

M! = 5 E.597 (1 + 2.527 Cp) 
-0m2857 - .I 

where 

%e rehtfon given by equation (la) is plotted in figme 11, front 
which the pressure coefficient  corresponding to sonic  velocity i s  
seen to be 0.68. 

In figures 9 and 10, the actual sonic  point  is seen to occur 
upstream of t he  estimated  location  for most of t h e  bodies  and 
coincides xi=& the estimated location for  the others. The estimated 
location, howeve, corresponds to t h e  mximuru constriction, or 
shoulder, which happens to coincide with the sonic point In the me- 
dimensional analogy used throughout the analysis of reference 1. 
The actual sonic  point, as pointed out in reference 9, should be 
located Somewhat U P S ~ Z ”  Of this e h O u l d m .  

The pressure dietributions in figures 3 and 10 show that the  
displacement  of the curves at angle of attack f’ram thoee f o r  zero 
a n a e  of attack is in general lees  upstream of the sonic point than 
downstream of it, although f o r  the pohted bodies (figs.  S(c) and 
10(c)) a strong expansion appears near the tis at negative angles of 
attack. This region of strang expansion near %e vertex is visible  
in figure 3 ( e ) .  

For bodies A-1, A-2, A-3, A-4, B-1, B-2, and B-3, e m s i o n  
to negative  pressure  coefficients occurred near the shoulder, with . 
subsequent  recampression. For bodies A-5, A-6, A-7, B-4, B-5, and 
3-6 (figs. 9(e) to 9(g), and 10(d) to 10(f)), the expansion near the 
shoulder at zero angle of attack does not reach nes t ive  pressure 
coefficients  but is nevertheless sufficient to lndicate that the 
expansion waxes that  originate  a short distance downstream of the 
shoulder and beyond w i l l  reach the detached w8ve only at large dia- 
tances from the vertex. 
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The pressure  coefficients some distance darnstream of the 
ahoulder are  compared with theoretical pressure coefficients of 
wedges or  cones with half-angles equal to.the inclination of the 
straight  portions of t h e  blunt bodies in figures 9(e), 9(f), lO(d), 
and lO(e). For the plane bodies (A-5 and A-6), the actual  pres- 
0 u e s  st a distance  x/t of 1.0 from the vertex are found to be 
comiderably lower than tkre corresponding wedge pressures; whereae, 
for the axially symmetric  bodies (S-4 an8 B-5) the pressures 
approach  closer to t h e  corresponding  cone  preeeures. These figures 

than pointed bodies,of the 8- thickness  ratio or Len@-to-diameter 
ra t io .  If the regi-on of underpressure (relative to the correeponding 

' polnted body) is  sufficiently Large to more than counteract  the  effect 
of the region of overpressure near the vertex, lower  drag can be 
attained with a blunt Body. As will be pointed out subsequently, of 
the  bodies tested, only B-5 attained a t o t a l  drag lower than that of 
the correspaadhg cane. 

. ahw haw blunt bodies, if correctly  designed, may have lower drags 

The effect of finite span on the pressure  distzibution along 
the center l ine for the A-bodiee waa ilegligible for the  portion of 
the contour  upstream  of the shoulder (fig. 9(b)). This result is 
somevhat  surprising in view of t he  large effect of b/T on shock 
location. The difference is probably due to the fact that shock 
location  Bepends an conditions along the entire span; whereas the 
effect of the edges an pressure distribution is greatest near the 
ends and decreases ae the center line is approached. Downstream 
of the shoulder, the pressure coefficient for body A-2 approached 
zero slightly more rapidly when end plates m e  attached (fig. 9(b)). 
This  result  indicates  that t he  preseure  coefficients  far t h e  other 

.plane bodiee may also have approached their asynqtotic value6 more 
rapidly  if they were truly two-dimensional. 

Drag coefficiente. - From figures 9 and 10, t he  drsg coefficients 
for each model m e  obtahed by numerical integration of the preseure 
coefficients plotted a g a e t  y/t  and y/R . These drag coefficients 
a r e  permeated in table III The" coefflolent ( CD)to*l 16 baaed cm 
the mxtnnrm woes-rsectiaarsl area of each madel and is defined a6 

E 



13 

or 
1 

Theoretica3J.y predicted mlues of ( CD)sB a r e  a l so  shown In table III 
for coruparison. For the A-bodies, the erperimenkl values  of 
range from 1.U to 1.28; for the B-group, the values vary from 1.07 
to 1.13. !Fhe assumption that the farm of the nose has l f t t l e  effect 
an the drag upstream of the sonic point is thus seen to be m e  valid 
for  axially symmetric than for plane  bodies. If the bluntest of t he  
plane  bodies,  A-1, is ignored, however, the values of (%)Em for 
the remaining noae f arme are found t o  l i e  witbin 5 percent of the 
mean value. Hence, except for ertremely blunt bodies, the afore- 
mntioned assumption can probably be cansidered vetlid as azl approx- 
imation for plane as w e l l  a8 axially sgnrmatric bodies at a W c h  num- 
ber of 1.9. 

(CD)sB 

comparison of the mean eqerimental d u e s  (1.20 for plane 
bodies and 1.11 for axially symmetric  bodies) with predicted values 
shms that the  predicted values are almost t h e  reverse of the erper- 
imsntal values; that is, t h e  predicted value for axial ly symnetric 
bodies is close to the  mean experimental value for plane bodies, and 
vice  versa. Most of this discrepancy can probably  be  attributed to 
the  aversimplificaticm of conditions near t h e  eonic line used in 
reference 1. Small changes in the &68U?n0d inclination of the sonic 
line, f o r  example, can entirely eliminate the discrepancy. Thw, if 
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in equation (11) (anendix A) the value of tl is reduced from 30° 
to 26O, (CD)sB decreaeee from 1.21 t o  1.12. This sensit ivity of 
drag t o  the assumed conditions at the sonic 3ine indicates that a 
mch more detailed analysis of the flow field $6 necessary if  an 
accuracy greater than that shown in table IK is required. 

Comparison of the total drag coefficients for t he  blunt  bodies 
with those of wedges and cones (table 111) shows that all blunt 
bodies except B-5 had higher total  drag than the corresponding pointed 
bodies. It is evident that the Ugh-pressure portion of the blunt 
body must be quite mxll re la t ive   to  the entire body if i t s  drag is  
t o  be less than that of a pointed body of t h e  same t h i chese  rat io .  
For thin bodies, theory indicates that the blunting reu ired  for a 
minimm-drag cantour i e  ahtost invisible (reference 10). 

Nose inlets. - For t h e  axhlly symmetric nose-inlet config- 
urations shown in figures 3(m) to 3(p), the locatian of the detached 
shock wave re lat ive t o  the i n l e t  lip -8 used t o  estimate the mass 
spillage from equations ( k )  and (h). (The procedure used to meas- 
ure L ifl given In appendix B. ) Rram the resulting values of ym/ysBa 
the ehock form relative to the Inlet  was calculated from equations (7 ) 
and ( 8 8 )  of appendix A. The aeeumed an8 erpsrimsntal ahock former for 
these inlate are  ahswn in figure 12, and the mluee of 7 obtained 
from shock location and from other data are given la table IV. The 
other data for the configuratians of figures 12(a) and 12(b) consisted 
of meaeuremsnte of e t a @ ~ a t l o n  preeeure in the combuetian  chamber and 
arm at the  outlet, where sonic  velocity was reached. Inasmuch as 
the flow coefficient of the outlet  could anly be roughly estimated, +he 
resulting values of 7 obtained from data at the out le t  lpay be rather 
inaccurate. ~n partic-, in figure lz(a), although the outlet  waa 

occurred; the value obtained from shock location may therefore be more 
comect than the value obtained fram the ncrminal outlet  arear 

e U p p O 6 e d l y  Comglehu ClOeed, 8- lmkgS -0 believed t0 have 

In table IV, the value of 7 of 0.N for t he  inlet of fig- 
ure U ( c )  wae obtained from an examin8tian of the negative of the 
schlieren photograph shown in figure 3 ( 0 ) ,  in which the s l i p  stream- 
line origlnating a t  the intereecticm of the oblique shock with the 
detached wave could be clearly seen. Because t h i s  elip stzeamllne 
paesed close to the l i p  of the I n l e t ,  an eatinate of y, was eaeily 
obtained. In figure 12(d), the outlet  of the diffuser was completely 
closed, and the value of 7 was estimated from the nmber of per- 
foratiane in  the in le t .  The flow coefficient f o r  these perforations 
was a e s m d  t c .  be 0.50, which has been found to agree reasonably well 
with elperimental reeulte  (reference 6). 
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The agreement  between  predicted values and actual values of 7 
appears to be good. The experimental and assumed shock forms also 
agree fairly well except in figure 12(c), where Interaction w%th the 
oblique ahock from t he  nose OCCUTB. Although none of t h e  detached 
waves is  precisely ROFKTB~ at p = ym, t he  assumption that the 
detached wave is an hsperbola'with origin a t  y = rm leads to 
fairly accurate  values of 7 .  A procedure for improving  the  accuracy 
is  discussed in appendix B. 

An investigation of shock form, ahock location, and drag for 
a variety of plane  and  axially  symmekric bodies that  produce  detached 
shock waves was conducted. The shock locatim was obtained for a 
range of k c h  nmbere from 1.8 to 2.9, and t he  shock form and drag 
were  obtained at a Mach nlLmber of 1.9. The reeults of this inves- 
tietian may be summarized as foUows: 

1. The form of the detached wave between its  sanic points at 
a Mach number of 1.9 was represented to good approximation for a l l  
bodies by an hyperbola asymptotic to t h e  free-stream l&ch lines. . 
For most  bodies, this hyperbola was also a good approximation for t h e  
porkion of the detached hock wave dawnstream of its sonic points. 
The relative independence of the shock form beyond its smic points 
of the form of the body downstreant of its sonic point appears to be 
due to the overeltparnsion that ganer- occurs in the-vicinity of the 
body  sonic point, so that  characteristics from only a mall portton 
of the body contour near the smic point reach the detached wave. 

2. The variation of the shock-location paramster with nose form 
W ~ E  ~ E S  than &lo percent  of the mean value ovez the Mach number range 
investigated. For the ax law symmetzic bodies, the experimental 
values of shock-location parameter fell between the V ~ L U ~ S  predicted 
by t h e  geometric  method and those predicted by the one-dimensional 
continuity method. For plane bodies with f bite span, the  experi- 
mental values of shock-location  parameter were considerably lower 
than predicted values. This result was atlzfbuted to spillsge of 
air around the  ends of these models. Evidence W&B obtained that 
experhental v a l u e s  approached the predicted values whan the end 
effects  were  reduced. 

3. For both plane and axia l ly  eymrnstric bcdiee, the variation 
of shock location and &ock form with angle of attack was s m a l l e  
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4. At a %ch number of 1.9, the drag coefficient for the portion 
of each body upstream of its Bonic polnts varied from 1.07 to 1.13 
for  axially symmetric no68 forme and from 1.U. t o  1.28 for plane 
no88 forms. The predicted value was 6 percent lower than t he  mean 
experimental value for plane bodies and 9 percent higher than.the man 
experimental value for axial ly  symmetric bodies. 

5. The spillage of air outside the cowl of several nose N e t s  
ae predicted f'rom shock l o c a t i o n  a p e d  w e l l  with the spillage esti- 
zllated by other mane. A method wa8 given for  improving the accuracy 
of the maes-flow computation by uee of t h e  actual rather than the 
hyperbolic  shock form. 

. . . .  
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The simplified  representation used in reference 1 f o r  t he  flow 
w . & g s o c i a t e d  eth .detached shock waves is shown in figure 1. 

-to be represented by an hy-gerbola asymptotic to the free-stream &ch 
waves and the sonic l ine i s  assumed. to be straight and inclined n-1 
to the ar i thqet ic  mean of the stream directions at the sonic soints S 
and SB. The l oca t im  of the sonic point on the body SB was esti- 
mated by application of the method suggested by Busemann (reference 9)- 
Thgs estimate locates SB a t  t h e  point of tangency of t he  body with a 
line inclined a t  the wedge or cone " a n g l e  for  which t he  ehock 
becomes detached For plane bodies, t h i s  detachment angle has 
almost the ~ a m e  value as the stream angle at the shock sonic 
poht As so that the inclination of the sonic line q W&E a6sUmed 
to be 

The shock Waxe form between i t 8  vertex and i ts  SOniC  pOht  16 assumed 

For axial ly   spmetr ic  bodies, the value of q was given by 

The representations that correspond to these assumptions are 
shown in f igure   l (a )  for closed-noee bodies and in figure l(b) f o r  
open-nose bodies (nose inlets). The two representations became 
identical  when ym = 0, that is, when no air enters the in le t .  
The maximum ms6 flow into the i n l e t  occurs when t h e  shock is 
attached to the lip, that is, when y, = y S ~ -  The fraction of t h i s  
maximum that s p i l l s  m e r  the cowl is  seen t o  be, for two-dimensional 
w e t s ,  

T = I - -  ' (6) 
ySB 

and, f o r  ax i aw s p m t r i c  inlets, 
9 
G 

T = 1 -(g) 
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. .  In order to represent the a s s m d  hyperbolic f o m  of the detached 
shock wave, the following equation was used in reference 1: 

(7  1 
'SB 'SB 

. I  

and  where y, l a  zero for closed  bodies. AmUcation of the one- 
dimensional continuity eqwtion to the aim lified configurations 
yielded the f o l l w  expresaions for ysisB : 

for two-dimemioaal bodies, 
rm 
ySB 3s 

3. - - B COB A, 
-=5 

YSB 1 - B COS 

BSB 
. .  . .  

where the stagnation pressure ratio (PB/P~)c, which OC~UTEI In t h e  
quantity B, is evaluated at $he ahack wave on the stzrea,ml.ine that 
represents the centroid of the m a 8  flow crossing the sonic liw. 

The assumptions m d e  in reference 1 led to the  selection of' the 
ratio L/ysB &a & logical  shock-location paramster, where L is the 
distance in the f'ree-stream direction between t h e  vertex of the 
detached wave and the sonic point on the body and ym is the ordi- 
nak of the estimeqhd body sonic poi& (figr 1). Ih the &pprOxbBte 
theory of reference 1, th is  parameter is independent of t h e  form of 
the body and depends only on the free-stream Mach number and the 

I 

" - 
. c  . . .  
1- 

- 
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- = cot 6d L 
'SB 

(10 1 

8 

where 8d is the  wedge or cone hgllf-angle corresponding t0 hock 
detachment for the given  free-stream Mach nuniber. Equation (10) 
was expected to yield an upper limit of the hock location parameter, 
whereas equations 9 and S(a) were expected to yield 821 average value 
of t he  parameter for a wide variety of 0086 forms. 

1 - cos q 
I - B COS 
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This C 0 8 f f i C f m t  IS k 6 e d  Oll the CI'068-80CtiOA&l&3?0& Of t h e  bOdJ at 
i t e  estimated eonic point. The experimental investigation reported 
herein ora6 designed primarily to check the v a l i d i t y  of equatiane ( 7 )  
to (11). 

. 
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MEAS- OF L AND IMPROVEMENT OF ACCURACY IN PREDICTION OF 

Measurement of L. - For acme inlets,   particularly for those with 
projecting  centralbcdies, the detached wave may be far from norad 
a t  y,. A consistent method of measuring L / y a  f o r  such cases is  
indicated in figure 13. Inasmuch as the shock location when ym = 0 
is given approximtely by L/ysB = cot ed, and L/yEB = 0 

rm = TSB> it appears reasonable t o  measure L a t  the inter-  
section of the shock with the line tangent t o  the lip and inclined a t  
the angle Bd. This procedure is consistent w i t h  the concepts of 
reference 1 and gives direct ly  an a p p r o d t e  value of ym/ySB as a 
function of L/ys,. A better approxtnratian, however, is ob&laed by 

derfved from the continuity metbod (eqwtion (Sa)). The procedure 
i l luetrated in figure 13 was wed to m88sure L in figures 3(m), 
3(n), ana 3(p), as w e l l  a6 in figure 3(0), inaemuch a s  the detached 
wave was not  precisely normal to the free stream a t  y = y, f o r  
any of these inlets.  

uskg the value of L/S,, measured by t h i s  method in the  equation 

Improvement In accuracy of predicting 7 .  - The assumption that 
the detached wa.ve is hypecbolic with d r i g h  et y = may in 8~me 

cases be a poor approximation. This a,sstmrption,  however, is non- 
essential  t o  the method. If the form of the detached wave is huwn 
f r o m  photographs, the  location of the sonic  point on the shook is 
easily determined. A straight line f r o m  this point to the l i p  of t he  
i n l e t  should then be a good approxhation t o  the snaio line. 3 3  the 
flaw aha at this sonic line is knawn, the flow -ea in t h e  free 
stream can be calculated  directly f r o m  the one-dfmansional continuity 
eqlrzti'on.. Consequently, y, c a n  be obtained directly from the actual 
form of the detached wave. The mean stagnation-pressure r a t io  
required in t h i s  computation am be chosen a s  in reference 1 or from 
the mean shock angle between y = y, and y = ys. The results pre- 
aented in this report, however, Indicate that variatims iu the form 
of the detached wave do not greatly af fec t  the computed value8 of 7 ,  
80 that in most cases equation ( S a )  ahould be adequate for establish- 
ing an approxim%te relation between T and L/ysB. EP .the oblique 
shock fraa a centml  body intereecta the detached wave abdve y = ymr 
however, the use of the actual erhock farm is probably advisable. 
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IN 18- by 18-INCH TUNNEL 

X 
A-7 B-6 

0 0 0 
25 

.98 84 . 75 81 75 .so 
059 58 

1.00 -92 1.13 
1.50 1.04 

4.00 
1-85 1-23. 3 e 0 0  
1-51 1.12 2.00 
1.37 

2.50 1.25 7 -00 
2-31 1-25 6.00 
2;23 1.25 5 -00 
2.07 1-25 

A -7 
A-2 

b/T 
Experimental PredrLcted 

6.16 1.97 
4.62 1.33 
6-16 2.04 
6.16 2-08 
6.16 2.01 
4000 1.98 
.4.m 2.04 
4.00 2.04 
m m  2.23 2.31 

B-1 
B-2 
B -3 
3-4 
B-5 
B-6 

0.90 . 97 
1.00 
1.00 . 97 
1.00 

0 -925 
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E?ree-etrerun Mach number,  1.94 

CD,SB 
Boar 

Predicted Experimental W t o t a l  

A - 1  

l o l l  1.07 A-4 
1.21 loll A-3 
1.20 l o l l  A-2 

1.12 1.28 1.24 

A-6 .82 "( 051) 1.15 
A-7 077 1.21 

A 4  1.17 .72 &(0.205) 

B-l 

1.09 9 28 B-6 
1.13 .64 a( -68)  B -5 
1013 .27 "(0.21) B -4 
1.07 076 B -3 
1.U. .77 B-2 

1-21 1.09 0.96 
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0 - 
XSB 

> 
X 

(a) Closed-nose bodies. 

(b) Open-nose bodies w i t h  spil lage,  

figure 1. - S- l i f ied  representations of flow w i t h  detached 
shock wave8 (reference 1). 
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figure 2. - Sketches o f  bodies investigated  at free-stream Mach number of' 1.9. For variable 
Maoh number tunnel investigation, these bodies were reduced to 0.5-inch maxisnrm tbiclcaess 
o r  diameter. 
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(a )  Body A-1; angle of 
attack, 0'. 

(b) Boas A-3; angle of 
attack, Oo. 

(a) Body A-f; angle of 
attack, 5.7O. 

" 

(e) Body A-3; angle of 
attack, 5 . 7 O .  

27 

(f) Body A-7; angle of 
attack, 5 .So. 

C- 25505 
3- 30- 50 

Figure 3. - Tspioal detaohed-shook ccqfigurations at free-stream Bch number of 1.9. 
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(g) B&J B-1 j Of 
attack, 0'. 

(h) B ~ J  B-3; angle of 
attack, 0'. 

(i) E-6; of 
attack, Oo. 

(1) Body B-6; angle of 
attack, 8O. 

C-  25506 
3-30- 50 
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(m) Convergent-divergent 
iflet (reference 4). 

( 0 )  Doable-shook ccme 
m e t  (reference 5 ) .  . (PI Perforat& w e t  

(reference 6). 

C- 25504 
3-30- 50 

Figure 3. - Concluded. !Q-g lical detached-shock conflguratlaps at free-stream Maoh 
number of 1.9. 
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(a)  Axially synunetrio bodies. (b) Two-dimensional bodies. 

Figure 4. - Experimental and theoretloal variation o f  shook-looation parameter with free- 
rtream Yaoh nuuber. 
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Experimental 

Theore tical 
configuration 

, . . . configuration 
b/T 

0 2500 4, 4 f-&, - Two dimensional 0 6.16 
(b/T ID-) 0 4.62 

--"Axially sgmmetrlo . v  3.07 

---Relative poel- 
tlon of body 

t 

(3- 
. ,  : 

. .  YSB , 

Figure 5. - Effeot of span-thickness ratio on shock form. Body 
8-23 free-stream Mach number, 1.9. 
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Figure 6. - Effect of two-dimensional  body form on shock form. Pree- 
stream Yach nmbcr, 1.9. 
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(b) Body form variable downstream of estimated sonic point. 
. .. 

Figure 6. - Concluded. sriect of tio-dimensional body form on shock form. 
Free-stream Mach number, 1.9. 
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Figure 7. - Conoluded. Effect of axially symmetric body form on shook 
form. Free-stream Mach number, 1.9. 
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Figure 9. - Pressure  distribution  over-two-dimensional bodies. Free- 
stream. Mach number, 1.9. 
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Figure 9. - Continued. Pressure distribution over two-dimensional 
bodiea. Pree-stream Mach number, 1.9. 
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Figure 9. - Continued. Pressure distribution over two-dimensional 
bodies .  Bee-stream Yaoh nwber, 1.9, 
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0 .4  .8 1.2 1.6 2.0 2.4 

x/t 
( e  1 Body A-5 .  ,, 

Figure 9, - Continued.. Pressure  distribution over two-dimensional bodies. 
Free-stream Mach number, 1.9, 
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.4 
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-. 4 
0 .4 .a I. 6 2.0 2.4 

(P)  Bods A-6. 

Figure 9. - Continued. Pressure distribution over two-dimensional 
bodies. Free-stream Maoh number, 1.9. 
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Figure 9. - Conoluded. Pressure  distribution over two-dlmensional 
bodies. Free-stream Haoh number, 1.9. 
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(a) Body B-1. 

Figure 10. - Pressure distribution over axially symmetric bodies. 
-ee-stream Mach number, 1.9. 
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Figure 10. - Continue& Pressure distribution over axially  symmetric 
bodies. Bee-stream Maoh number, 1.9. 
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Figure 10. - Continued. Pressure distributipn over axially symmetrio 
bodles. Free-stream Mach number, 1.9. 
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(f) Body B-6. 

Figure 10. - Concluded. Pressure distribution over axia l ly  synmetrio 
bodies. Wee-stream gaoh number, 1.9. 
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Figure 12. - Experimental and theoretical shock form upstream of several inlets. Free-stPefim 
Maoh number, 1.9. 
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Figure 13. - Procedure for measuring relative shook looation 
for oomputation of mass spillage and additive drag. 
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